Secretory proteins synthesized within the endoplasmic reticulum (ER) are 2 exported via coat protein complex II (COPII)-coated vesicles. The formation of 3 the COPII-coated vesicles is initiated by activation of the small GTPase, Sar1. 4 cTAGE5 directly interacts with a guanine-nucleotide exchange factor (GEF), 5 Sec12, and a GTPase-activating protein (GAP) of Sar1, Sec23. We have 6 previously shown that cTAGE5 recruits Sec12 to the ER exit sites for efficient 7 production of activated Sar1 for collagen secretion. However, the functional 8 significance of the interaction between cTAGE5 and Sec23 has not been fully 9 elucidated. In this study, we showed that cTAGE5 enhances the GAP activity of 10 Sec23 toward Sar1. In addition, the interaction of cTAGE5 with Sec23 is 11 necessary for collagen exit from the ER. Our data suggests that cTAGE5 acts as a 12
INTRODUCTION 1

2D and E). 23
Then, we examined whether mutants correctly localized to the ER exit sites. As 24 shown in Figure 2F , both RG and 4PA mutants extensively co-localized with Sec16, a 25 bone-fide ER exit site marker, suggesting that the mutations do not affect its 26 localization. We previously reported that the localization of the ER exit sites within the 27 ER is defined by the interaction between TANGO1 and Sec16, and cTAGE5 is 28 recruited to the ER exit sites by the interaction with TANGO1 (Maeda et al., 2017) . 29
Current data further supported the idea that cTAGE5 is not likely to be localized to the 30 ER exit sites by the interaction with Sec23/Sec24. 31
Next, we checked whether cTAGE5 mutants retain the properties to interact with 32 TANGO1 and Sec12. As shown in Figure 2G and H, both the mutants were still boundto TANGO1L and Sec12, indicating that the mutations do not destroy the overall 1 conformation of cTAGE5, except for its affinity to Sec23. 2 3 PRD of cTAGE5 is responsible for enhancing the GAP activity of Sec23 4
Because PRD of cTAGE5 is responsible for interacting with Sec23, we speculated 5 that this domain is also involved in the GAP enhancing activity against Sec23. Thus, 6
we made recombinant PRD of cTAGE5 and checked the activity against Sec23. As 7 shown in Figures 3 and S3 , the addition of cTAGE5 PRD into DOGS-NTA liposome 8 with Sar1, Sec12, and Sec23/Sec24 significantly enhanced the Pi release in a 9 concentration-dependent manner. Conversely, the addition of GST has no effects on 10 the free Pi production (Figures 3 and S3), indicating that cTAGE5 PRD has a property 11 to enhance the GAP activity of Sec23 toward Sar1. Next, we examined the effects of 12 cTAGE5 mutants with reduced Sec23-binding on the GAP enhancing activity. 13
Interestingly, although RG mutant retained the activity at the normal level, 4PA mutant 14 failed to enhance the GAP activity of Sec23 toward Sar1 (Figures 3 and S3 ). These 15 results indicated that the domain responsible for GAP-enhancing activity and 16
Sec23-binding could be separable within the PRD of cTAGE5. 17 cTAGE5 with reduced Sec23-binding activity failed to secrete collagen VII from 19
the ER 20
Next, we examined whether the mutants could promote collagen VII secretion from 21 the ER. As previously reported (Saito et cTAGE5 is an integral membrane protein containing two coiled coil domains and 30 PRD in the cytoplasmic region. cTAGE5 belongs to the cTAGE gene family, 31 consisting of 6 genes coding for highly homologous proteins and 9 pseudogenes 32 according to the HUGO Gene Nomenclature Committee (Comtesse et al., 2001) . Untilnow, we have been focusing on studying cTAGE5, and the possibility that the 1 antibodies we used might cross-react with other cTAGE-family proteins cannot be 2 ruled out. However, this seems unlikely because the siRNAs that we used efficiently 3 depleted proteins recognized by cTAGE5 antibodies, and we revealed these siRNAs 4 are specific for cTAGE5, and not cross-reactive with the other five proteins, by 5 analyzing RefSeq database (Saito et al., 2011; Saito et al., 2014; Tanabe et al., 2016) . 6
Thus, we believe that our study describes the results only for cTAGE5, and the 7 influence on other cTAGE family members would be very limited. Recently, cTAGE5 8 has been reported to be involved in collagen, VLDL, and insulin secretion (Saito et In this study, we revealed that the PRD of cTAGE5 is not only responsible for Sec23 17 binding, but also for the activation of Sec23 GAP activity toward Sar1. Thus, we 18
proposed that TANGO1 recruits cTAGE5 multimer for regulation of Sar1 GTPase in 19 the vicinity of the ER exit sites. Sec12, concentrated around ER exit sites via 20 interaction with cTAGE5, efficiently produces the activated Sar1 around ER exit sites. 21
Sar1, then, might be involved in the collagen-containing tubule formation (See thediscussion blow), and is efficiently hydrolyzed by Sec23, the activity of which is 23 enhanced by the interaction with cTAGE5 or Sec31. This hydrolysis of GTP by Sar1 24 might be important for completing the collagen-containing carrier formation. Sec13/Sec31 than the spherical vesicles do (Zanetti et al., 2013) . Thus, it is interesting 2 to speculate that cTAGE5-mediated activation of Sec23 GAP activity might be 3 important only for completing the formation of large cargo carriers from the tubular 4
structures. 5
On the contrary, Sec31 has also been reported to be involved in collagen secretion. 6 Interestingly, RG mutant, which retains the property to enhance the Sec23 GAP 12 activity, but exhibits reduced binding to Sec23, fails to secrete collagen VII from the 13 ER. These data imply that the regions of cTAGE5 responsible for GAP enhancing 14 activity and interaction with Sec23 could be separable within the cTAGE5 PRD. 15
Alternatively, if the same regions are responsible for the activity and interaction, it 16 suggests that RG mutant has a higher GAP enhancing activity than that of wild-type 17 cTAGE5. It also suggested that interaction of cTAGE5 with Sec23 is necessary for 18 collagen secretion, in addition to enhancing the GAP activity of Sec23. How this 19 interaction participates in collagen secretion needs to be revealed in the future studies. 20
In this study, we revealed that cTAGE5 enhances the GAP activity of Sec23 toward 21
Sar1. In addition, the interaction of cTAGE5 and Sec23 is necessary for collagen exit 22 from the ER. Thus, cTAGE5 acts as a Sar1 GTPase regulator for collagen secretion. 23
MATERIALS AND METHODS 1
Antibodies 2
Anti-collagen VII monoclonal antibody (NP-185) was kindly provided by Dr. Lynn 3
Sakai. Other antibodies were used as described previously (Maeda et al., 2017) . 4 5 Constructs 6 cTAGE5 rescue constructs were made as described previously (Saito et al., 2014; 7 Maeda et al., 2017). cTAGE5-4PA construct was made by introducing following 8 mutations (P693A P694A P695A P720A P721A P722A P723A P724A P743A P744A 9 P745A P771A P772A P773A P774A). 10 11
Cell culture and transfection 12
HeLa, HSC-1, and 293T cells were cultured in DMEM supplemented with 10% fetal 13 bovine serum. Lipofectamine RNAi max (Thermofisher) was used for transfecting 14
siRNA. For plasmids transfection, polyethylenimine "MAX" (polysciences) or 15
FuGENE 6 (Promega) were used. 16 
17
Recombinant human protein purification 18
Proteins used for GTPase hydrolysis assay were all from humans. Baculovirus 19 encoding FLAG-Sec12 (1-386 aa)-His 6 , His 6 -cTAGE5 (61-804 aa)-FLAG was made 20
with Bac-to-Bac Baculovirus Expression System according to manufacturer's protocol 21 (Life Technologies). Sf9 cells infected with virus were collected. Each protein was 22 purified with FLAG M2 agarose beads (Sigma-Aldrich). Elution was made with FLAG 23 peptide, then the buffers were exchanged with 20 mM HEPES-KOH (pH 7.4), 160 mM 24 KOAc, 1 mM MgCl 2 by desalting column. Sec13/FLAG-Sec31a was cloned into 25 pFastBacDual vector and baculovirus was produced. Protein was purified from 26 infected Sf9 cells with FLAG M2 agarose beads (Sigma-Aldrich) followed by elution 27 with FLAG peptide. The buffer was exchanged with TBS/5% (w/v) glycerol by 28 desalting column. FLAG-Sec23A, FLAG-Sec24D were expressed in 293T cells and 29 purified with FLAG M2 agarose beads (Sigma-Aldrich). Elution was made with FLAG 30 peptide. The buffer was exchanged with TBS/0.05% Lubrol-PX by desalting column.exchanged with TBS/5% (w/v) glycerol by desalting column. GST-Sar1a was 1 expressed in Escherichia coli and purified with glutathione sepharose (GE Healthcare). 2 Then GST tag was cleaved by thrombin protease followed by dialysis with 20 mM 3 HEPES-KOH (pH 6.8), 160 mM KOAc, 5 mM MgCl 2 , 5 mM β-ME, 0.5 mM AEBSF, 4 10 µM GDP, 5% (w/v) glycerol. His 6 -cTAGE5 (651-804 aa)-GST wild-type, 5
His 6 -cTAGE5 (651-804 aa)-GST R757G, His 6 -cTAGE5 (651-804 aa)-GST 4PA were 6 expressed in Escherichia coli and purified with glutathione sepharose (GE Healthcare). 7
The GST tags were cleaved by prescission protease and further purified with Ni 8 sepharose 6 Fast Flow (GE Healthcare) and eluted with imidazole. The buffers were 9 exchanged with TBS by desalting columns. His 6 -GST expressed in Escherichia was 10 purified by Ni sepharose 6 Fast Flow and eluted with imidazole. The buffer was 11 exchanged with TBS by desalting column. Japan) in 50 mM NaH 2 PO 4 , then centrifuged at 9,000 g for 15 min at 4℃. 300 µL of 15 supernatants were mixed with 1 mL of Clear-sol I (Nacalai-tesque, Japan) and free 32 Pi 16 was measured. 17
Random mutagenesis screening 19
Random mutagenesis was essentially performed as described previously (Cadwell and 20
Joyce, 1992). Error-prone PCR was performed with Titanium Taq polymerase (Takara, 21 mM dATP, 1 mM dTTP, 1 mM dGTP, 1 mM dCTP). PCR products were cloned into 23 pGADT7 for following yeast two-hybris analysis. AH109 yeast strain was transformed 24 with pGBKT7 and pGADT7 vectors and plated on tryptophan-and leucine-deficient 25 plate. The colonies were re-plated onto tryptophan-, leucine-, histidine-, and 26 adenine-deficient plate. The colonies, which failed to grow on the tryptophan-, leucine-, 27 histidine-, and adenine-deficient plate were picked and lysed by zymolyase for 28 sequence analysis. 29 glutathione sepharose followed by elution with glutathione. Eluates were then purified 1 with Ni sepharose 6 Fast Flow and eluted with imidazole. The buffers were exchanged 2 with TBS/0.05% Lubrol-PX by desalting columns. In vitro binding assay was 3 essentially performed as described previously (Maeda et al., 2017) . In brief, GST, 4
GST-tagged cTAGE5-PRD (651-804 aa)-His 6 constructs were conjugated to 5 glutathione sepharose and incubated with FLAG-Sec23A. Beads were washed with 6 TBS/0.05% Lubrol-PX for five times followed by elution with glutathione. 7 8
Immunoprecipitation and Western blotting 9
The experiments were performed essentially as described previously (Maeda et al., 10 2017). In brief, Cells extracted with extraction buffer (20 mM Tris-HCl (pH 7.4), 100 11 mM NaCl, 1 mM EDTA, 1% Triton X-100, and protease inhibitors) were centrifuged 12 at 100,000 × g for 30 min at 4°C. Cell lysates were immunoprecipitated with FLAG 13
M2 Agarose beads (Sigma-Aldrich). The beads were washed five times with 14
TBS/0.1% Triton X-100 and processed for sample preparation. 15
Immunofluorescence microscopy 17
Immunofluorescence microscopy analysis was performed as described previously 18 Ebine, K., Inoue, T., Ito, J., Ito, E., Uemura, T., Goh, T., Abe, H., Sato, K., Nakano, A., His 6 -GST, His 6 -cTAGE5 (651-804 aa)-GST wild-type, R757G, 4PA for 1 h at 30°C. 28
The amount of free 32 Pi was quantified, n = 5. *p<0.05. n.s., not significant compared 29
with His 6 -GST. Error bars represent means ± SEM. 
